Timing of flowering is key to the reproductive success of many plants. In temperate climates, flowering is often coordinated with seasonal environmental cues such as temperature and photoperiod. Vernalization, the process by which a prolonged exposure to the cold of winter results in competence to flower during the following spring, is an example of the influence of temperature on the timing of flowering. In different groups of plants, there are distinct genes involved in vernalization, indicating that vernalization systems evolved independently in different plant groups. The convergent evolution of vernalization systems is not surprising given that angiosperm families had begun to diverge in warmer paleoclimates in which a vernalization response was not advantageous. Here, we review what is known of the vernalization response in three different plant groups: crucifers (Arabidopsis), Amaranthaceae (sugar beet), and Pooideae (wheat, barley, and Brachypodium distachyon). We also discuss the advantages of using Brachypodium as a model system to study flowering and vernalization in the Pooids. Finally, we discuss the evolution and function of the Ghd7/VRN2 gene family in grasses.
Flowering when conditions are most favorable for pollination, seed development, and seed dispersal is an important adaptive trait. Many plants that are adapted to temperate climates synchronize their flowering to coincide with seasons by monitoring cues such as temperature and photoperiod. Vernalization is one adaptation to a temperature cue; it is the process by which plants become competent to flower only after prolonged exposure to the cold of winter, thereby ensuring that flowering occurs under favorable conditions in spring (Amasino 2004; Kim et al. 2009; Amasino and Michaels 2010) .
In addition to crucifers, there are only two other families of plants, Poaceae and Amaranthaceae, for which something is known about the vernalization response at the molecular level. The genes conferring the vernalization response in the cereals wheat and barley (Poaceae) and sugar beet (Amaranthaceae) are different from the FRI/FLC module in crucifers. That different genes are involved in establishing the vernalization requirement in Arabidopsis, beets, and cereals is not surprising because flowering plants were diverging in an era when continents were in different locations and the planet was warmer, and thus vernalization systems were likely to have adaptive value only after different flowering plant lineages became established (Amasino 2010) .
The Vernalization Requirement in Arabidopsis thaliana
The study of the vernalization response in Arabidopsis, which dates back to the 1940s (see, e.g., Laibach 1943) , is a classic example of the value of studying natural variation. Klaus Napp-Zinn extended these studies and established that in crosses of certain vernalization-requiring accessions to rapid-flowering accessions, the vernalization requirement was often attributable to a dominant gene that he called FRIGIDA (FRI) (Napp-Zinn 1987) . Subsequent studies showed that the same dominant gene is necessary for the vernalization requirement in a wide range of accessions (Burn et al. 1993; Lee et al. 1993; Clarke and Dean 1994; Koornneef et al. 1994) . Furthermore, two studies showed that a second gene, FLOWER-ING LOCUS C (FLC ), is necessary for FRI to create a vernalization requirement (Koornneef et al. 1994; Lee et al. 1994) .
The subsequent cloning and characterization of FRI and FLC provided a molecular framework for the vernalization requirement in Arabidopsis. FLC encodes a MADS-box-containing DNA-binding protein that functions as a repressor of flowering, and FRI up-regulates FLC to a level that effectively prevents flowering in the 2 Thomas S. Ream is a Gordon and Betty Moore Fellow of the Life Sciences Research Foundation. 5 These authors contributed equally to this work. fall season (Michaels and Amasino 1999; Sheldon et al. 1999) . Indeed, FLC can repress flowering without FRI when FLC expression is driven from a strong promoter. FLC is part of a gene family (often referred to as the FLC clade) in which there are five other genes: FLOWERING LOCUS M (FLM)/MADS AFFECTING FLOWERING 1 (MAF1), MADS AFFECTING FLOWERING 2 (MAF2), MADS AFFECTING FLOWERING 3 (MAF3), MADS AFFECTING FLOWERING 4 (MAF4), and MADS AF-FECTING FLOWERING 5 (MAF5). Many of these FLC relatives have also been shown to act as floral repressors (Ratcliffe et al. 2001 (Ratcliffe et al. , 2003 Scortecci et al. 2001) , but when FRI is present FLC typically accounts for most of the flower-repressing activity that creates a vernalization requirement.
As noted above, much of the natural variation for flowering in Arabidopsis results from allelic variation at FRI. Loss of FRI results in rapid flowering and loss of the vernalization requirement. To date, a large number of independent loss-of-function fri alleles have been identified in a range of Arabidopsis accessions (see, e.g., Scarcelli and Kover 2009). Thus, the "original" Arabidopsis contained an active FRI allele and was vernalization responsive, but the recurrent loss of FRI is likely to have provided an advantage in certain environments.
Why is FRI the locus at which much of the natural variation for flowering resides? FRI is a member of a gene family that is unique to plants (see, e.g., Johanson et al. 2000; Michaels et al. 2004 ), but it may be the only nonredundant member of the family devoted exclusively to flowering-time control; that is, loss of FRI is a single change that eliminates the vernalization requirement without pleiotropic effects. Two other members of the FRI family, FRIGIDA LIKE 1 (FRL1) and FRIGIDA LIKE 2 (FRL2), act redundantly with each other, but nonredundantly with FRI, to establish the vernalization requirement (Michaels et al. 2004; Schlappi 2006) .
As expected, FRI and FRLs do not act alone to up-regulate FLC. Genetic screens for loss of the vernalization requirement have identified other necessary components. Some of these appear to be specific to FRI-mediated FLC activation because mutations in these components eliminate the vernalization requirement without pleiotropic effects. These FRI-specific modifiers include SUPPRES-SOR OF FRI4, FRI ESSENTIAL1, and FLC EXPRESSOR (Schmitz et al. 2005; Kim and Michaels 2006; Andersson et al. 2008) . A recent biochemical study indicates that FRI, FRL, and all of these other components are part of a complex (the FRIGIDA complex) that interacts with the FLC promoter (Choi et al. 2011) .
In outline, the process by which FLC creates a vernalization requirement is straightforward (Fig. 1) . FLC blocks flowering by binding to and suppressing key genes that promote flowering in the photoperiod pathway. Major targets of FLC include the flowering promoters FT, FD, and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1 ) (Hepworth et al. 2002; Helliwell et al. 2006; Searle et al. 2006) . As shown by Searle et al. (2006) , for FLC to be effective it must be expressed both in the vascular tissue of young leaves (to suppress FT) and in meristems (to suppress FD and SOC1). In Arabidopsis and rice, FT acts as a flowering signal called florigen that translocates from leaves to the meristem, in which it physically interacts with the basic leucine zipper (bZIP) transcription factor FD to initiate flowering by activating downstream genes including SOC1 (Corbesier et al. 2007; Jaeger and Wigge 2007; Mathieu et al. 2007; Tamaki et al. 2007; Amasino 2010) .
The mechanism by which FLC represses targets is not fully understood. MADS-domain proteins typically function as multimers with other MADS-domain proteins (see, e.g., Honma and Goto 2001; de Folter et al. 2005) and bind to DNA in a site-specific manner. SHORT VEGETATIVE PHASE (SVP) is another MADS-domain protein that interacts with FLC and binds to FLC target genes. Loss of SVP partially suppresses the ability of FLC to inhibit flowering (Lee et al. 2007; Fujiwara et al. 2008; . Thus, SVP appears to be part of an FLC repressor complex, but because loss of SVP does not affect flowering as strongly as does loss of FLC, there may be some redundancy in SVP function (Amasino 2010) . SVP also interacts with LIKE HETEROCHROMATIN 1 (LHP1) ), indicating that FLC repression may involve chromatin modification.
The process of vernalization in Arabidopsis accomplishes FLC silencing (Fig. 1) . Vernalization involves the sensing of cold, the induction of certain components involved in modifications to FLC chromatin, and the stable maintenance of FLC silencing. Little is known about the mechanism of cold sensing for the vernalization response in Arabidopsis or in any plant species. In contrast, there has been much progress toward elucidating the molecular mechanism of cold sensing that is involved in the process of cold acclimation (see, e.g., Doherty et al. 2009 ). The progress in cold acclimation has been achieved primarily from biochemical and molecular genetic approaches (working "back" from cold-induced genes), and a similar approach might result in progress in cold sensing during vernalization. It is important to note that cold acclimation is a relatively rapid response to cold (minutes to hours), whereas vernalization requires days to weeks of cold exposure. It is possible that cold sensing as it relates to vernalization and to cold acclimation has some common features, with the vernalization system simply requiring a longer period of whatever biochemical changes that cold acclimation causes, but studies of plants in which cold acclimation is altered have not revealed any changes to vernalization.
During vernalization, chromatin changes at FLC include a reduction of histone acetylation and an increase in the repressive methylation of histone H3 at lysines 9 and 27 (Bastow et al. 2004; Sung and Amasino 2004) . These changes require cold induction of VERNALIZATION INSENSTIVE 3 (VIN3) (Sung and Amasino 2004) , a gene encoding a PHD domain that is part of the plant POLYCOMB REPRESSION COMPLEX 2 (PRC2) De Lucia et al. 2008) . PRC2 catalyzes methylation of histone H3 at lysine 27, and the PRC2 complex that represses FLC requires, in addition to VIN3, two VIN3 relatives (VIN3- (Sung et al. 2006b; Greb et al. 2007; De Lucia et al. 2008) . These changes begin during the cold in a region that contains parts of the first exon and intron of FLC and spreads throughout the FLC locus during and after cold exposure (Finnegan and Dennis 2007; De Lucia et al. 2008; Angel et al. 2011) . Also induced during cold exposure is a noncoding sensestrand RNA derived from the FLC locus known as COLD-AIR (Heo and Sung 2011) , and a group of noncoding antisense transcripts, termed COOLAIR, that initiate in the area of the 3 0 untranslated region of the FLC mRNA (Swiezewski et al. 2009; Liu et al. 2010) . The role of COOLAIR is not known because plants lacking these transcripts undergo vernalization (Helliwell et al. 2011) , and COLDAIR is thought to enhance the recruitment of PRC2 to the FLC locus (Heo and Sung 2011) .
The "locking in" of a stable state of FLC repression after cold exposure requires VERNALIZATION (VRN1) (Levy et al. 2002) , LIKE HETEROCHROMATIN PRO-TEIN1 (LHP1) (Mylne et al. 2006; Sung et al. 2006a) , and PROTEIN ARGININE METHYLTRANSFERASE 5 (AtPRMT5) (Schmitz et al. 2008) , and the stable silencing is also associated with methylation of histone H3 at lysine 9 (Sung et al. 2006a ). In animals, stable maintenance of PRC2 repression involves PRC1, but plants do not have PRC1 components so LHP1, VRN1, AtPRMT5, and lysine 9 methylation may have a PRC1-like role (Kim et al. 2009 ).
Vernalization in Amaranthaceae
In sugar beets, three genes have a role in the vernalization response, namely, BvBTC1, BvFT1, and BvFT2 (Fig.  1 ). BvFT1 and BvFT2 are part of a phosphatidylethanolamine-binding protein (PEBP) gene family in plants. PEBP-like genes are classified into three subfamilies: FT (FLOWERING LOCUS T), TFL (TERMINAL FLOW-ER), and MFT (MOTHER OF FT) (Kobayashi et al. 1999; Chardon and Damerval 2005) . Genes in the FT subfamily can act as floral activators (Kobayashi et al. 1999; Lifschitz et al. 2006; Yan et al. 2006) and genes in the TFL subfamily can act as floral repressors (Pnueli et al. 1998; Kobayashi et al. 1999; Jensen et al. 2001; Nakagawa et al. 2002; Danilevskaya et al. 2010 ). BvFT1 and BvFT2 are most closely related to FT (Pin et al. 2010) . BvFT2 is the functional FT ortholog in beets because overexpression of BvFT2 promotes rapid flowering in the absence of vernalization, and BvFT2-RNAi lines do not flower, indicating that FT2 is required for flowering (Pin et al. 2010) . BvFT1 is a flowering repressor despite being in the FT subfamily. Overexpression of BvFT1 in annual sugar beets results in repression of BvFT2 expression and a severe delay in flowering (Pin et al. 2010) . Furthermore, like FLC, BvFT1 expression decreases during cold exposure in biennial beets; unlike FLC, however, maintenance of BvFT1 repression after vernalization requires long days ( Fig. 1 ) (Pin et al. 2010) .
Natural variation in the vernalization response in sugar beets is controlled by alleles of BvBTC1 (formerly the B locus). Dominant alleles of BvBTC1 (activators of flowering) result in an annual habit, whereas recessive alleles (Bvbtc1) create a vernalization requirement and a biennial growth habit. This is in contrast to Arabidopsis, in which dominant alleles of FRI or FLC (repressors of flowering) create a biennial growth habit, and loss of FRI or FLC results in an annual growth habit. BvBTC1 encodes a pseudoresponse regulator with homology with the Arabidopsis PRR3 and PRR7 genes and PPD-H1 in barley (Pin et al. 2012) . Dominant BvBTC1 alleles in annual sugar beets are associated with low levels of BvFT1 and high levels of BvFT2, which correlates with rapid flowering in the absence of vernalization, whereas partial loss of function Bvbtc1 alleles are associated with high BvFT1, low BvFT2, and are late flowering without vernalization (Pin et al. 2012 ). Knockdown of BvBTC1 or Bvbtc1 by RNAi results in higher levels of BvFT1, lower levels of BvFT2, and lack of flowering (Pin et al. 2012) .
Cold treatment of biennial beets induces Bvbtc1 and BvFT2 expression and represses BvFT1, resulting in rapid flowering in long days following winter (Pin et al. 2012) . Thus, one possible model for vernalization in biennial beets is the presence of a Bvbtc1 allele that can only repress BvFT1 after it is induced by cold. Cold treatment results in enough functional Bvbtc1 to repress BvFT1, allowing for high levels of BvFT2.
The molecular basis of the difference between the BvBTC1 and Bvbtc1 alleles is unknown. The biennial habit could be conferred by a change in expression levels of Bvbtc1 or by production of an impaired Bvbtc1 protein.
Interestingly, a 28-kb insertion present in the promoter region of biennial beets (and not annuals) disrupts a series of sequence motifs found in light-regulated promoters (Pin et al. 2012) . In biennial sugar beets, Bvbtc1 expression is slightly lower at the end of the light period compared to annual sugar beets, and this is associated with higher BvFT1 levels and lower BvFT2 levels (Pin et al. 2012) . There are at least two additional bolting loci (B2 and B3) that create a vernalization requirement in annual beets in the presence of the dominant BvBTC1 allele (Buttner et al. 2010) . The cloning and characterization of these loci will hopefully inform our understanding of the network controlling flowering in beets.
Vernalization in Cereals
Thus far, only a handful of genes have been found to participate in a regulatory loop that controls the timing of flowering in cereals in response to temperature and photoperiod ( Fig. 1) , namely, VERNALIZATION1 (VRN1), VERNALIZATION2 (VRN2) PHOTOPERIOD-H1 (PPD-H1), and FT (formerly VRN3) (for review, see Dennis and Peacock 2009; Distelfeld et al. 2009; Greenup et al. 2009 ). Epistatic relationships among VRN1, VRN2, PPD-H1, and FT have been revealed by the study of existing allelic variants in these genes from wild and domesticated varieties of wheat and barley (Trevaskis et al. 2003; Yan et al. 2003 Yan et al. , 2004b Yan et al. , 2006 Dubcovsky et al. 2005; Karsai et al. 2005; Turner et al. 2005; Hemming et al. 2008; Shimada et al. 2009 ). Particular varieties of spring barley and spring wheat that do not require vernalization either carry deletions of the VRN2 locus or point mutations in the conserved CCT domain of VRN2 (Yan et al. 2004b; Dubcovsky et al. 2005; Karsai et al. 2005; von Zitzewitz et al. 2005 ). Therefore, an active VRN2 is necessary for a vernalization requirement. Other spring varieties have dominant alleles of VRN1 or FT that are constitutivelyactivated and epistatic to functional VRN2 alleles (Yan et al. 2003 (Yan et al. , 2004a Fu et al. 2005; Loukoianov et al. 2005; von Zitzewitz et al. 2005) . Allelic variation at the PPD-H1 locus results in two types of spring varieties that are either sensitive to photoperiod and early flowering (PPD-H1) or insensitive to photoperiod and later flowering ( ppd-h1) (Turner et al. 2005) .
In the fall, high levels of VRN2 in leaves repress FT in winter varieties and prevent flowering (Yan et al. 2004b) . Furthermore, ubiquitous expression of VRN2 delays heading in long days (Hemming et al. 2008) . VRN2 is in the COlike gene family and contains a zinc finger and a CCT domain (Yan et al. 2004b; Higgins et al. 2010) . Although VRN2 acts similarly to FLC as a floral repressor, it is unrelated to FLC, and thus far no FLC orthologs are known in grasses.
In wheat and barley, VRN2 levels decrease during cold exposure and VRN1 levels increase (Yan et al. 2003 (Yan et al. , 2004b Dubcovsky et al. 2006; Trevaskis et al. 2006; Preston and Kellogg 2008; Sasani et al. 2009 ). VRN1 is related to the APETALA1 (AP1)/CAULIFLOWER (CAL)/FRUITFUL (FUL) family of MADS box transcription factors that control floral meristem identity in Arabidopsis (Yan et al. 2003; Preston and Kellogg 2008) . In Arabidopsis, AP1, CAL, and FUL are expressed primarily in meristems (Liljegren et al. 1999) , whereas in grasses VRN1 is expressed in both meristems and leaves (Trevaskis et al. 2003; Yan et al. 2003; Preston and Kellogg 2008; Sasani et al. 2009; Alonso-Peral et al. 2011) . Activation of VRN1 during cold is accompanied by changes in chromatin in a presumed regulatory region of its first intron ). Opposite to that of the coldrepressed FLC, but expected for that of a cold-induced gene, VRN1 chromatin modifications shift from repressive (H3K27 methylation) to active (H3K4 methylation) during vernalization ).
In support of a model in which VRN1 is a repressor of VRN2, high levels of VRN1 early in development in lines harboring dominant VRN1 alleles are associated with low levels of VRN2 (Loukoianov et al. 2005; Hemming et al. 2008; Distelfeld et al. 2009 ). Furthermore, vrn1 mutants have elevated levels of VRN2 after vernalization, suggesting that VRN1 has a role in maintaining repression of VRN2 after vernalization (Chen and Dubcovsky 2012) . However, VRN2 levels still decrease during vernalization in vrn1 mutants, suggesting additional levels of control of the repression of VRN2 during cold in wheat (Chen and Dubcovsky 2012) . Interestingly, vrn1 mutants still flower and produce seeds, although the mutants are delayed compared to wild-type plants. That vrn1 mutants are still able to flower suggests possible redundancy among VRN1-like genes found in grasses (Preston and Kellogg 2008; Chen and Dubcovsky 2012) .
After vernalization in the spring, low VRN2 levels allow for activation of FT by PPD-H1 and other components of the photoperiod pathway in leaves and ultimately a switch from vegetative to floral meristem identity and flowering (Sasani et al. 2009 ). PPD-H1 encodes a pseudoresponse regulator with a CCT domain that is required for high levels of FT in spring-sown barley (Turner et al. 2005) . High levels of FT are associated with high levels of VRN1 expression in leaves, indicating the possibility of a positive feedback loop between VRN1 and FT to "lock in" flowering Shimada et al. 2009; Distelfeld and Dubcovsky 2010) . One part of this feedback loop is supported by the observation that, in vitro, FT physically interacts with the FD ortholog FDL2, and this complex binds to the VRN1 promoter (Li and Dubcovsky 2008) .
One proposed mechanism for higher FT expression in long days following vernalization is that before vernalization, there is competition between the CCT proteins CONSTANS-LIKE 2 and VRN2 for a common set of NU-CLEAR FACTOR-Y (NF-Y) -related subunits (Li et al. 2011) . In Arabidopsis, particular NF-Y subunits are required for promotion of flowering in long days by physically interacting with CONSTANS and directly regulating FT expression (Kumimoto et al. 2008 (Kumimoto et al. , 2010 . After vernalization, VRN2 expression is low and thus competition is reduced, causing increased FT expression. In support of this model in grasses, CONSTANS-LIKE 2 and VRN2 compete for a common set of NF-Y subunits as determined by in vitro yeast-two-hybrid and yeast-three-hybrid assays (Li et al. 2011) . Furthermore, the CCT domains of allelic variants of VRN2 that result in a spring habit show a decreased ability to compete with CONSTANS-LIKE 2 for these NF-Y subunits in vitro (Li et al. 2011) .
Brachypodium distachyon as a Model for Flowering Time in Grasses
Although there has been great progress made in understanding the vernalization pathway in wheat and barley, much remains to be learned, including the extent to which vernalization pathways are conserved in grasses. Brachypodium distachyon is a small, wild relative of temperate grasses within the Pooideae, which includes many important cereal crops such as wheat, barley, oats, and rye. Brachypodium is a useful model grass because of its small, completely sequenced diploid genome (Vogel 2010) , simple growth requirements, large collection of accessions, inbreeding nature, and high rate of recombination (Draper et al. 2001; Vogel et al. 2006 Vogel et al. , 2009 Opanowicz et al. 2008; Filiz et al. 2009; Brkljacic et al. 2011; Huo et al. 2011; Mur et al. 2011 ). All of these characteristics make Brachypodium an attractive model for studying flowering time in general, and the vernalization response in particular, in a temperate grass.
The availability of high-quality genome sequences of many Brachypodium accessions enables the identification of mutations by whole-genome sequencing of bulked mutant segregants derived from crosses between the mutant line and a polymorphic accession (Schneeberger et al. 2009; Austin et al. 2011; Minevich et al. 2012) . One bottleneck has been the cost and analysis of the resulting genome datasets, but user-friendly web-based pipelines to assist with such analyses are becoming more common and will accelerate mutant identification (see, e.g., Austin et al. 2011; Minevich et al. 2012) . Indeed, we have successfully used whole-genome sequencing of bulked segregants to identify causal mutations in several Brachypodium flowering-time mutants using CLOUDmap software (Minevich et al. 2012; TS Ream, DP Woods, and RM Amasino, unpubl.) . Brachypodium has a small genome size of only 272 Mb, compared to the 17 Gb of bread wheat (Brenchley et al. 2012 ) and 5 Gb of barley (International Barley Genome Sequencing et al. 2012) . Thus, mapping mutations in Brachypodium using whole-genome technologies is simpler and significantly less expensive than such an effort in wheat or barley.
Several studies have characterized flowering behavior in certain Brachypodium accessions, revealing some of the range of cold duration required to satisfy (or saturate) the vernalization requirement (Draper et al. 2001; Vogel et al. 2009; Schwartz et al. 2010) . Our studies show that there is rich natural diversity to explore for flowering time variation, with some lines requiring little or no cold exposure to flower in extended photoperiods, whereas other accessions have obligate cold exposure requirements ranging in duration from 2 -16 wk (Fig. 2) . However, little is known about vernalization in Brachypodium at the molecular level. To advance Brachypodium as a model for studying flowering, we have characterized flowering behavior in a range of accessions in response to varying photoperiods and cold treatments. We found, for example, that accession Bd21-3 has a varying vernalization requirement depending on the condition in which it is grown. Bd21-3 flowers rapidly in a 20-h photoperiod with no cold exposure. However, shorter photoperiods progressively delay flowering such that cold treatment (i.e., vernalization) of plants or imbibed seeds is required for rapid flowering (Fig. 3) . In contrast, Bd1-1 requires 6-8 wk of vernalization to flower rapidly even in a 20-h photoperiod (Figs. 2 and 3) . Representing extreme cases, accessions such as BdTR8n require up to 16 wk of cold to rapidly flower even in a 20-h photoperiod (Fig. 2) .
Does Brachypodium Have an Ortholog of VRN2
from Wheat and Barley?
The CCT domain-containing genes Grain number, plant height, and heading date 7 (Ghd7) from rice (Oryza sativa) and VRN2 from cereals, such as wheat and barley, block flowering by repressing the expression of FT Figure 2 . Example of the range of vernalization responses among Brachypodium accessions. Plants were exposed to cold for the indicated number of weeks and then shifted to growth at 16˚C ( plants shown were grown for 60 d after a shift to 16˚C). Note there are accessions with sharp transitions from quite delayed flowering to rapid flowering after 2, 4, 6, or 8 wk of cold exposure. ). Expression of these genes is regulated by photoperiod Trevaskis et al. 2006; Xue et al. 2008) ; however, cold exposure also represses VRN2 expression (Yan et al. 2004b ). Ghd7 and VRN2 are members of a CONSTANS-like (COL) superfamily of genes. All members of this large gene family carry a conserved CCT domain near the carboxyl terminis. The family can be subdivided into five subfamilies based on the presence of different amino-terminal domains (Griffiths et al. 2003; Ballerini and Kramer 2011; Cockram et al. 2012 ). Ghd7 and VRN2 have been placed in a distinct subfamily because they both lack a B-box domain in the amino terminus (Cockram et al. 2012) . Furthermore, phylogenetic evidence based on the conserved CCT domain places group IV members Ghd7, VRN2, and CO9 within a well-supported, monocotspecific CCT motif family (CMF) clade sister to the COL subgroup I clade that contains CO (Cockram et al. 2012) .
Thus far, phylogenetic, and syntenic approaches have not revealed a clear VRN2 or GHD7 ortholog in Brachypodium (Higgins et al. 2010; Cockram et al. 2012; Yang et al. 2012) . Higgins et al. (2010) , using a neighbor-joining phylogenetic analysis of an amino acid sequence alignment of the CCT domain, placed the closest Brachypodium homolog (Bradi3g10010) in an "intermediate" position between VRN2 and CO9 clades. We argue below that Bradi3g10010 is in fact a VRN2/Ghd7 ortholog. The next closest homolog in Brachypodium, Bradi3g33340, clearly resides in a well-supported CO9 clade containing species spanning grass diversification (Cockram et al. 2012) . Additionally, VRN2 and Ghd7 genes are not present within colinear regions in Brachypodium (Cockram et al. 2010; Higgins et al. 2010) . The presumed absence of VRN2 led to the hypothesis that Bd21, a rapid-flowering line that does not require vernalization, may be rapid flowering because it lacks VRN2 and that delayed-flowering Brachypodium accessions that show a vernalization requirement may contain a VRN2 ortholog (Cockram et al. 2010; Higgins et al. 2010) . However, recent analyses of genome sequences of vernalization-requiring lines did not identify a sequence more related to VRN2 than Bradi3g10010. This suggests that it is unlikely that Bd21 is rapid flowering owing to lack of VRN2 (S Gordon, DP Woods, RM Amasino, and J Vogel, unpubl.) .
Recently, Yang et al. (2012) traced the evolutionary history of GHD7 from sorghum, maize, rice, and Brachypodium. A total of 28 homologous genes were identified from BLASTP searches and were placed into two major clades based on neighbor-joining phylogenetic methods. Clade I consists of two subclades that contain a wellsupported CO9 clade containing genes from all of the grass species used in this study and a Ghd7 clade containing genes from sorghum, maize, rice, and the Brachypodium sequence Bradi3g10010. The difference in position of Bradi3g10010 in the different analyses is because Yang et al. 2012 did not include a VRN2 sequence from barley and wheat in their analysis.
Our phylogenetic analysis of group IV genes, which incorporated additional sequences from newly sequenced grass genomes and used Bayesian methods to infer relationships, estimated a group IV clade comprised of three subclades, VRN2, Ghd7, and CO9, each containing genes only from grass species (Fig. 4) , consistent with (Cockram et al. 2012) . The CO9 and Ghd7 subclades are both well supported (.0.95 posterior probability, PP). The VRN2 clade was not strongly supported (0.76 PP), which we attribute to limited phylogenetic signal. CO9 and Ghd7 contain sequences spanning grass diversification, except that the Ghd7 subclade does not contain genes for the grass subfamily Pooideae. In contrast, the VRN2 subclade contains only genes from Pooideae. Interestingly, in this analysis Bradi3g10010 is in the VRN2 clade. Furthermore, a BLAST analysis of Bradi3g10010 against the newly sequenced wheat and barley genomes (Brenchley et al. 2012; International Barley Genome Sequencing et al. 2012) identifies VRN2 as the top hit, and querying VRN2 against the Brachypodium genome identifies Bradi3g10010 as the top hit, consistent with the genomes being orthologs.
There are two models for the evolution of the group IV clade in grasses. One is that the whole-genome duplication that occurred at the base of the grass family produced the paralogous Ghd7 and CO9 gene families. Subsequently, there was loss of Ghd7 within Pooideae and additional duplications of CCT-like genes within Pooideae, giving rise to VRN2. The other is that the whole-genome duplication at the base of the grass family gave rise to a VRN2/Ghd7 and a CO9 clade; in this model, VRN2 from Pooids and Ghd7 from other grasses are orthologs despite being in separate clades in this analysis. It is difficult to infer which model best accounts for the evolution of these gene lineages owing to lack of phylogenetic signal, gene movement from syntenic blocks of genes, and the lack of additional sequence from taxa of earlier diverging Pooideae, Ehartoidea, and Bambusoideae (BEP) species. However, the most parsimonious model is that a wholegenome duplication gave rise to the VRN2/Ghd7 and CO9 clades. Brachypodium's sister relationship with the "crown pooids" containing the crops oats, rye, wheat, and barley will allow us to test if VRN2/Ghd7 took on a functional role regulating vernalization more broadly throughout that group and perhaps beyond. We refer to Bradi3g10010 as VRN2/Ghd7 reflecting its close evolutionary relationship to these repressors in wheat, barley, and rice.
Given the important role of both Ghd7 and VRN2 in determining the flowering time of rice and wheat/barley, we examined expression of VRN2/Ghd7 in Brachypodium. mRNA levels of VRN2/Ghd7 are clearly modulated by photoperiod (Fig. 5) , consistent with observations of VRN2 in wheat Trevaskis et al. 2006; Distelfeld and Dubcovsky 2010) and Ghd7 in rice (Xue et al. 2008) . Plants grown in short days (8 h light/16 h dark) display lower levels of VRN2/Ghd7 expression compared to long days (20 h light/ 4 h dark) (Fig. 5) . Additionally, VRN2/Ghd7 expression was examined in Diurnal, which is a database consisting of array expression experiments of samples taken at multiple time points throughout a 48 h period (Mockler et al. 2007 ). VRN2/ Ghd7 expression fluctuates diurnally, with peak expression observed during the middle of the light cycle and lowest expression during the dark cycle, consistent with previous studies of orthologs in barley and rice (Trevaskis et al. 2006; Xue et al. 2008) .
We have also conducted mutant screens to identify repressors of flowering. To date, our screens have yielded many early-flowering mutants (whose genes presumably encode repressors of flowering), but none of the mutants map in the region of VRN2/Ghd7. Therefore, the role of VRN2/Ghd7 in Brachypodium flowering remains to be determined. Brachypodium's phylogenetic position sister to the crown pooids offers a great opportunity to investigate the evolution of flowering time in temperate grasses.
Conclusions
Although vernalization systems in flowering plants are outwardly similar-a block to flowering is alleviated by exposure to the cold of winter-the vernalization systems in three types of plants (crucifers, beets, and cereals) comprise unique components indicating that these systems result from convergent evolution. This is in contrast to the photoperiod pathway of flowering, which is conserved to a large extent in flowering plants. However, the convergent vernalization systems have a common architecture: These systems are "overlayed" on the photoperiod pathway of flowering in a manner that prevents the photoperiod pathway from promoting flowering until repression is relieved by exposure to cold. Much remains to be learned about the vernalization systems of crucifers, beets, and cereals, and novel vernalization systems await discovery as additional branches of the plant kingdom are explored.
MATERIALS AND METHODS

Plant Growth and Measurements
Seeds were imbibed overnight in distilled water at 4˚C before sowing. Individual plants were grown in MetroMix 360 (Sungrow) in plastic pots and fertilized as needed with Peters Excel 15-5-15 Cal-Mag and Peters 10-30-20 Blossom Booster (RJ Peters Inc.). Growth chamber temperatures were 23˚C during the light period and 18˚C during the dark period. Plants were grown under T5 fluorescent bulbs (5000K, Lithonia) and light intensities averaged 150 mmol/s 2 at plant level. The developmental stage was recorded using the Zadoks scale (Zadoks et al. 1974) .
Flowering Measurements
Flowering time of vernalized plants was measured as the number of days from the end of vernalization to the first day on which emergence of the spike was detected (Zadoks scale ¼ 50).
qPCR RNA was extracted from the first leaf of Bd1-1 plants using Trizol (Life Technologies). Each biological replicate consisted of leaf tissue pooled from 4-5 plants. Tissue was harvested in the middle of the photoperiod from plants at approximately equivalent developmental stages (Zadoks scale ¼ 12) . RNA purity and integrity was assessed by a combination of A260/A280 and A260/A230 measurements and running samples on a denaturing formaldehyde-agarose gel. cDNA was made using 1 mg of total RNA per sample and M-MLV Reverse Transcriptase (Promega) and poly-T primers (IDT). For quantitative polymerase chain reaction (qPCR), 3 mL cDNA (diluted fivefold following first-strand synthesis) was amplified using Takara ExTaq II in a 20 mL reaction containing 6 mL water, 10 mL SybrGreen Takara ExTaqII mastermix, and 1 mL 10 mM F þ R primers. No reverse transcriptase (RT) reactions were included for each sample. qPCR reactions were amplified on an ABI 7500 Fast system with the following parameters: 95˚C for 30 sec; 40 cycles of 95˚C for 5 sec, 60˚C for 5 sec, and 72˚C for 34 sec; followed by a melting curve program. Fluorescence data were collected during the 72˚C extension steps and during the melting curve program. Gene expression was quantified using the DDCt method (Livak and Schmittgen 2001) , and primer efficiencies ranged from 95% to 110%. Expression data for each gene are shown normalized to Brachypodium UBC18 (Hong et al. 2008; Schwartz et al. 2010 ). An average of three biological replicates is presented for each data point. Standard deviation was calculated on the 2 2DCt values. Primer pairs used to amplify each gene are VRN2F-TCGTAGCGGATCTGC TTCTCGTAG, VRN2R-TCGTAGCGGATCTGCTTCTC GTAG, UBC18F-GTCACCCGCAATGACTGTAAGTT C, and UBC18R-TTGTCTTGCGGACGTTGCTTTG.
Phylogenetic Analysis
Phylogenetic analyses were performed using VRN2-like genes as seed sequences for BLAST searches and trees were generated as described (Woods et al. 2011 ).
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